To date there is little information about brain development during infancy and childhood, although several quantitative studies have shown volume changes in adult brains. We performed threedimensional magnetic resonance imaging (3D-MRI) in 28 healthy children aged 1 month to 10 years. We examined the volumes of whole brain and frontal and temporal lobes with an advanced method for segmenting images into gray matter (GM), white matter (WM) and cerebrospinal fluid (CSF) compartments. Growth spurts of whole brain and frontal and temporal lobes could be seen during the first 2 years after birth. During this period the frontal lobes grew more rapidly than the temporal lobes, the right-left asymmetry was more noticeable in the temporal lobes than in the frontal lobes and the increase in GM was larger than that in WM in the temporal lobes. Subsequently, WM volume increased at a higher rate than GM volume throughout childhood. Quantitative information on normal brain development may play a pivotal role in clarifying brain neurodevelopmental abnormalities.
Introduction
We daily observe the rapidly expanding behavioral repertoire of infants and young children and the corresponding divergence of cognitive, motor and neurological functions. This is thought to ref lect normal brain development, yet little is known about neuroanatomical changes in humans that may provide substrates for this process.
MR-based brain volumetric analyses have been established as morphometric techniques, with anatomical and clinical utility (Jernigan and Tallal, 1990 ; R.C. Filipek et al., 1994) . Quantitative neuroanatomical data in healthy adults have been reported previously, using the volumetric method (Gur et al., 1999) , and there have been major recent advances in volumetric analysis of brain changes from childhood to adulthood (Reiss et al., 1996; Giedd et al. 1996 Giedd et al. , 1999 Lange et al., 1997; Hüppi et al., 1998; Paus et al., 1999; Sowell et al., 1999a,b) . Reiss et al. performed volumetric analyses on 85 subjects between the ages of 5 and 17 years and described little change in total cerebral volume after 5 years (Reiss et al., 1996) . However, more recent studies examining the age range of 5 to adulthood reported some decrease in gray matter and increase in white matter during the transition from childhood to adolescence and through adulthood (Jernigan and Talla, 1990; Lange et al., 1997; Hüppi et al., 1998) . Regional specificity for these changes has been examined using statistical parametric mapping and these studies have indicated that these changes were more pronounced in frontal brain regions Sowell et al., 1999b) . Other studies focused on more specific brain regions, such as prefrontal cortex (Kanemura et al., 1999) , hippocampal formations and temporal lobes (Utsunomiya et al., 1999) .
Only one volumetric MRI study included infants younger than 2 years (Pfefferbaum et al., 1994) , although histological studies (Dobbing and Sand, 1973) indicated substantial changes in the early months of life. Pfefferbaum et al. evaluated MRI scans of 88 subjects aged 3 months to 30 years (mean 14 ± 7 years) for gender differences and age-related changes in neuroanatomy (Pfefferbaum et al., 1994) . They reported a marked increase in intracranial volume between 3 months and 10 years. However, infants were only a small subgroup and the study presented values for six slices and not the total volumes of the whole brain.
The purpose of this study was to investigate MRI data of normal infants (birth to 2 years of age) and children (ages 2-10 years) using advanced techniques for segmenting brain images into gray matter (GM), white matter (WM) and cerebrospinal f luid (CSF) compartments. This method permits the establishment of normative data, which can help evaluate abnormalities in brain development. We focused on infancy since the infantile brain can change dramatically during its maturation process and so far few MRI studies have reported on infancy. We examined whole brain volumes and the frontal and temporal lobes.
Materials and Methods

Subjects
Participants included 28 healthy preadolescent Japanese (14 boys and 14 girls), including infants (aged 1 month to 2 years) and children (aged 2-10 years). They were recruited from University hospital staff and siblings of ambulatory child patients. Their heights and weights were all in the normal range and there were no significant sex differences for height and weight. All subjects had normal neurological development and had no abnormal findings in routine MRI studies. Written informed consent was obtained from parents after the purpose and all procedures of the study were fully explained. Nineteen subjects under 6 years of age were sedated with monosodium trichorethyl phosphate syrup (0.5-1.0 ml/kg). This drug was administered once only and for five children who did not fall asleep after the single dose the study was discontinued.
Because the image analysis software used in our study had been previously used only in adult American samples, six healthy Japanese adult volunteers (three males and three females, mean age 21.3 years, range 19-26 years) were included for comparison with infants and children in this study. They had no history of neurological, psychiatric or medical illness that could potentially affect brain function. Informed consent was obtained from adult subjects and the infants' parents before their participation in the study.
MRI Scan Acquisition
The MRIs were acquired on a 1.5 T Magnetom Vision (Siemens, Erlangen, Germany). Axial images were obtained using a fast low angle shot gradient refocused 3-dimensional sequence with the following parameters: f lip angle = 35°, repetition time (T R ) = 35 ms, echo time (T E ) = 6 ms, nex = 1. The image obtained was T 1 -weighted with a field of view of 256 mm and a matrix size of 256 × 256 and the entire scan was obtained in~15 min. The slice thickness was 1.0 mm and between 140 and 170 contiguous slices were obtained in each case. 
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Image Processing
Each acquisition was transferred to an online UNIX workstation (SPA RC20; Sun Microsystems). All image processing was performed using a semi-automated software package (Fig. 1 ). Brain volume was first extracted by an algorithm (Yan and Karp, 1994a) with optimal thresholding, morphological operations and the Chamfer distance (Borgefors, 1986) . This algorithm serves as a pre-segmentation procedure to estimate and extract a whole 3-dimensional brain volume from the MR image before segmentation is performed. An adaptive Bayesian algorithm was then applied to segment 3-dimensional MRIs into three tissue types: GM, WM and CSF Karp, 1994b, 1995) . The algorithm models MRIs as collections of regions with slowly varying intensity plus white Gaussian noise. Tissue type is modeled by a Markov random field with the 3-dimensional second order neighborhood system, where different potentials are used for the in-plane and axial directions to account for anisotropical images. This model is essential for accurate segmentation because it incorporates spatial integration among adjacent label voxels, which reduces degradation due to a poor signal-to-noise ratio and feature contrast. We introduce a cubic B-spline function to model the slowly varying mean intensity of each tissue type through the least squares fitting technique. The spline is desirable to overcome 'shading' effects and reduces bias against small isolated regions, such as sulcal CSF. Combining spline representation and adaptation makes the segmentation more accurate and robust (Gur et al., 1999) .
Manual Delineation of Regions of Interest
Manual delineation of cerebral hemispheres and CSF was based on the standard guidelines below Mozley et al., 1994) and frontal and temporal lobar volumes were calculated using previously described procedures (Cowell et al., 1994; Turetsky et al., 1995) .
Cerebral Hemispheres and CSF
Collection of data in the axial plane required neuroanatomical knowledge to separate the supratentorial from infratentorial compartments. All supratentorial slices were analyzed and the infratentorial CSF and tissue were excluded by placing a boundary around the posterior fossa on each slice. The caudal brain stem structures below the level of the cerebral peduncles of the midbrain were excluded. The hypothalamic and chiasmatic cisternae were retained, but the pituitary, the carotid cisterna, the ambient cisterna and the quadrigeminal plates were excluded. Depending on head position, the following was encountered. (i) Occipital lobes often projected onto the same section as the cerebellar hemispheres and brain stem. Because the tentorium slopes, the margins had to be reconciled and CSF in the superior cerebellar and quadrigeminal cisternae had to be subtracted.
(ii) The sella turcica was excluded since enlargement of the CSF space in and around the pituitary gland depended on the intactness of the diaphragm sellae. However, CSF in the chiasmatic cisterna was included. (iii) Other anatomical variables included the uppermost portion of the midbrain and the cisternae anterior to it. A line was drawn that connected the two cerebral peduncles with the basilar artery and the brain stem posterior to that was excluded. The most superior portion of the midbrain and the CSF in the chiasmatic cisterna anterior to this, along with structures of the hypothalamus (including the mammillary bodies, tuber cinereum and infundibular stalk and optic chiasma), were included.
Frontal and temporal lobes
In inferior-most slices the temporal lobe did not share common lateral or anterior borders with other structures and was easily outlined. The pons and cerebellum formed the posterio-medial temporal lobe border. At the level of the midbrain the borders of the frontal lobe were along the inter-hemispheric fissure and followed the middle cerebral artery through the suprasellar cisterna. The temporal lobe was separated from adjacent frontal regions by the sylvian fissure. The amygdala and hippocampus were included within the temporal lobe and midbrain structures were excluded. A line extending from the anterior tip of the contralateral cerebral peduncle to the antero-medial tip of the cerebellum (Fig. 21b ) defined the posterior temporal lobe. Above the mamillary bodies, a horizontal line that extended from the anteromedial aspect of the sylvian fissure to the midline (Fig. 22b ) defined the posterior border of the frontal lobe. The medial borders of the temporal lobe were the sylvian fissure and diencephalon structures. A horizontal line from the posterior tip of the posterior fossa to the lateral cortical perimeter delineated the posterior temporal lobe. The posterior border of the frontal lobe, for remaining superior slices, was delineated on the slice immediately inferior to the splenium of the corpus callosum (Fig. 23b) . The horizontal line defined by the anterior aspect of the caudate was projected from this slice onto all superior slices to form the posterior boundary. This slice also denoted the superior extent of the temporal lobes.
We have added a new method of delineation to include more frontal lobar regions, such as the motor area, which were excluded in the original method by Cowell et al. (Cowell et al., 1994) . Namely, above all slices where the lateral ventricles were no longer visible, regions anterior to a line connecting the most medial and lateral points of the central sulcus were calculated as frontal area (Fig. 24b) . The sagittal slices were adapted to locate the central sulcus (Fig. 3a) .
Reliability of Regional Volumetric Measurements
Inter-rater reliability was examined in a sample of 10 randomly selected brain scans (five infants or children and five adult volunteers) analyzed by two raters (J.M. and M.M.). The intra-class correlation for total cerebral volumes ranged from 0.95 to 0.98 and those of frontal and temporal lobar volumes from 0.87 to 0.90. The intra-rater reliability was also examined in the same 10 scans analyzed by one of these raters (J.M.) and the correlation for total cerebral, frontal and temporal lobar volumes ranged from 0.94 to 0.97. The rater (J.M.) then completed the analysis on the remaining scans.
Statistical Analyses
The relationship between the whole brain volume compartment (GM, WM and CSF) and age was modeled using linear regression with fractional polynomials (Royston and Altman, 1994) of age as the covariates. This approach finds the combination of fractional powers of age that best describe each of the relationships. Models with up to three fractional powers were explored. For all three models (GM, WM and CSF) one fractional power of age was sufficient.
Using any curve fitting approach to simultaneously examine sex differences and age effects on both hemispheres and for the frontal and temporal sub-regions, including examination of tissue types and their interactions, would suffer from extremely low power with the present sample size. Therefore, to examine age effects and sex differences on hemispheric whole brain and regional volumes we used age as a grouping factor by dividing the participants into infants (age < 2 years) and children (age > 2 years) and performed a multivariate repeated measures analysis of variance (MANOVA) (Maxwell and Delaney, 1990) . Sex was another grouping factor, and GM versus WM and hemisphere were repeated measures (within-group) factors. There were 13 subjects in the infant (seven males, age 9.6 ± 6.0 months, height 70.1 ± 7.8 cm, weight 8.1 ± 1.9 kg; six females, age 11.7 ± 6.1 months, height 71.9 ± 6.2 cm, weight 8.5 ± 1.6 kg; male versus female, age t = 0.62, df = 11, P = 0.545, ns, height t = 0.44, df = 11, P = 0.671, ns, weight t = 0.42, df = 11, P = 0.683, ns) and 15 in the child group (seven boys, age 63.7 ± 33.7 months, height 107.2 ± 17.9 cm, weight 18.5 ± 7.8 kg; eight girls, age 90.9 ± 35 months, height 120.5 ± 17.2 cm, weight 23.8 ± 6.1 kg; boys versus girls, age t = 1.52, df = 13, P =0.151, ns, height t = 1.47, df = 13, P = 0.166, ns, weight t = 1.47, df = 13, P = 0.166, ns). Statistical computations were performed with STATA (STATA Corp., College Station, TX) and SAS software (SAS Institute Inc., Cary, NC).
Results
The distributions by age of the three tissue compartments as well as the best fitting models are shown in Since Z decreases towards 0 with increasing age, the model predicts a maximum GM of 653, which is slightly higher than the average for the adults in this study. Although this is a prediction outside the range of the obser ved ages, which often yields unstable estimates, the prediction is in line with the observed adult measurements. For WM the best model was WM = 298.28 + 72.74 × Z where Here too Z increases with age. GM and WM increase at a faster rate for the first 2 years than the following years studied. Furthermore, the rate is higher for WM than for GM and WM continues to increase into late childhood. CSF shows a steady volume throughout this period.
The (age group × sex × GM versus WM × hemisphere) MANOVA for the whole brain values, presented in Figure 5a , showed a main effect of age group [F(1,24) = 22.48, P < 0.0001], with children having overall higher volumes than infants. There were also main effects for the within-group (repeated measures) factors. GM volumes were higher than WM [F(1,24) = 1012.76, P < 0.0001] and right hemispheric volumes were overall higher than left [F(1,24) = 84.18, P < 0.0001]. However, these main effects were qualified by higher order interactions. GM versus WM × age [F(1,24) = 9.39, P < 0.0001] indicated that the difference between the age groups was smaller for GM than for WM (Fig. 5a) . A GM versus WM × hemisphere interaction [F(1,24) = 28.26, P < 0.0001] indicated that the main effect of higher right hemispheric volumes came entirely from WM, while GM is symmetrical and even slightly larger on the left (Fig. 5a ). There were no main effects or interactions with gender and no other main effects or interactions approached significance.
The results of the M A NOVA applied to the frontal and temporal volumes (age group × sex × GM versus WM × hemisphere × frontal versus temporal) are summarized in Table 1 . As can be seen in Figure 5b ,c, the main effect for age group demonstrates that children had overall higher volumes, the GM versus WM effect indicates higher GM values and the main effect for hemisphere ref lects higher values in the right than the left hemisphere across regions, groups and compartments. The main effect of frontal versus temporal volumes indicates higher volumes in the frontal than temporal lobes. These main effects were qualified by several higher order interactions. The frontal versus temporal × age interaction indicated greater differences between infants and children in the frontal than temporal lobe. A GM versus WM × frontal versus temporal interaction indicated a larger difference between GM and WM volume for the frontal than for the temporal lobe. Finally, a GM versus WM × hemisphere × frontal versus temporal × age group interaction indicated that the difference between babies and children was relatively larger for right frontal and left temporal GM (Fig. 5b,c) . This asymmetry is quite subtle in absolute terms and the statistical significance is attributable to its consistency.
When compared with our limited data on adult brains it seems that GM volumes, for the whole brain and for both frontal and temporal lobes, are as high for children older than 2 years as they are in adults. Indeed, for the whole brain and frontal lobes the values for children over 2 years were higher than for adults, supporting evidence for 'pruning' during adolescence (Giedd et al., 1996 Paus et al., 1999) . In contrast, the volume of WM is lower in both infants and children compared with adults. Examining the lobar values, it appears that by childhood WM has nearly completed its development in the temporal lobe. However, in spite of the greater increase in WM volume from infancy to childhood in the frontal than in the temporal lobe, frontal WM is still lower in children compared with adults.
Discussion
Although many investigators have described changes in cerebral morphology during the adult lifespan, there are relatively few imaging reports describing quantitative in vivo brain development in children and even fewer in healthy infants. Our results show that the volumes of whole brain and frontal and temporal lobes increase rapidly during the first 2 years after birth, followed by a more gradual expansion, predominantly restricted to WM. The increase in brain volume agrees with previous autopsy findings (Dobbing and Sand, 1973) . Specifically, the autopsy study observed a transient period of brain growth spurt in early childhood. Dobbing and Sand suggested that the fastest post-natal myelination occurs over the first 2 years after birth and that brain structures drastically change their biochemical composition, such as DNA, cholesterol and water content (Dobbing and Sand, 1973) . Moreover, several authors (Barkovich et al., 1988; Hayakawa et al., 1990) have documented changes in MR images corresponding to myelination in the neonate and infant. Thus, the appearance of brain structures is similar to that of adults by the end of 2 years of age and all major fiber tracts can be identified in brains of 3-year-old children.
Several studies have suggested that cortical GM and WM volumes present dynamic changes throughout childhood. Pfefferbaum et al. obser ved that cortical GM volume peaked at age 4 years and then decreased throughout the lifespan (Pfefferbaum et al., 1994) . On the other hand, cortical WM volume increased during the first decade of life and remained stable thereafter. These different patterns of cortical GM and WM volume growth seem to be quite meaningful. In particular, the critical point of the rise and fall in cortical GM volume in their MRI study is consistent with findings such as the change in synaptic counts in post-mortem brains (Huttenlocher et al., 1982) , the amplitude of the sleep slow wave on electroencephalograms (Feinberg, 1983 ) and brain metabolism and blood f low studied by positron emission tomography (PET) (Chugani et al., 1987) and single photon emission computed tomography (SPECT) (Chiron et al., 1992) . Moreover, this age-related change in GM volume possibly includes the maturational processes of neuronal pruning and cell death (Pfefferbaum et al., 1994; Giedd et al., 1999; Paus et al., 1999; Sowell et al., 1999b) . According to previous histological studies (Yakovlev et al., 1967) , newborn infant brains showed absence of myelinated fibers, while brains of full-term infants clearly showed myelinated WM. The MRI can visualize this process as known from histology. Several authors have documented the changes in MR corresponding to myelination of the WM in infancy (Barkovich et al., 1988; Hayakawa et al., 1990; Jernigan and Tallal, 1990) . Most conclude that a normal adult appearance can be seen at age 2 years and all major fiber tracts can be identified by age 3 years.
In our study the absolute GM and WM volumes showed increases during infancy. Both increased rapidly during the first 2 years, followed by a more gradual expansion. The change in GM volumes seems somewhat different from the previous results of Pfefferbaum et al. (Pfefferbaum et al., 1994) . They found that cortical GM volume peaked around age 4 years and decreased thereafter, while our results show an increase of GM volume without a peak. However, Pfefferbaum et al. (Pfefferbaum et al., 1994) examined subjects from 3 months to 30 years of age, while our subjects were all under 10 years and 54% of them were under 2 years. Furthermore, since there have been no published reports that analyzed total (cortical and subcortical) GM and total (myelinated and unmyelinated) WM, we could not directly compare our data with published data of cortical tissue volumes only. The early growth spurt in WM volume was consistent with that of developmental myelination.
Asymmetry
Volume asymmetries have been described in multiple areas of the human brain during fetal life and adulthood (Chui et al., 1980; Bear et al., 1986 ; R.C. Cowell et al., 1994; Filipek et al., 1994; Caviness et al., 1996; Giedd et al., 1996) . Gur et al. reported higher right hemispheric brain volume for the whole brain in 69 adult volunteers aged 18-80 years (R.C. . Most other studies in adults were consistent with this result. There are also a few studies of volumetric analyses in children, which noted the asymmetry of cerebral volume. Reiss et al. reported that there was no significant lateral difference in hemispheric volumes in 85 children aged 5-17 years (Reiss et al., 1996) . However, Giedd et al. reported that the right hemisphere was consistently larger than the left in 104 subjects aged 4-18 years (Giedd et al., 1996) . There was no significant effect of age in these two studies. Our results are consistent with these reports in showing slightly higher overall values in the right than the left in children under 10 years of age, although the effect was seen in WM and not in GM. Several studies have reported asymmetr y of the temporal lobes or hippocampal formations, which are associated with seizure disorders and dysfunction of memory and learning. Jack et al. evaluated the right-left asymmetr y of temporal lobe volumes in adults and concluded that both the anterior temporal lobe and hippocampal formation were significantly larger in the right hemisphere than in the left (Jack et al., 1989) . Such asymmetries were already identifiable in neonates and infants (Utsunomiya et al., 1999) , suggesting that the presence of temporal lobe asymmetry exists before the development of speech and language function. Kanemura et al. reported that the prefrontal cortex presented a growth spurt between the ages of 8 and 15 years (Kanemura et al., 1999) . However, they did not examine asymmetry of either prefrontal or frontal lobe volume.
Limitations
Our segmentation method has thus far been validated for adult brains more than 17 years old (Gur et al., 1999) . We applied this method to infants and children and ascertained the feasibility of this approach. A lthough our method is useful to analyze the human brain volume in vivo, several problems remain. Firstly, the method is likely to fail in calculating correct brain volume because of the lower density of GM of infants in T1-weighted images compared with adults (Barkovich et al., 1988; Hayakawa et al., 1990) . Indeed, the GM volume of our subject aged 1 month was partly calculated as CSF from visual continuity of the regional distribution and we added that volume as GM. Furthermore, the data need to be interpreted carefully for the following reason. As pointed out by Barkovich et al. (Barkovich et al., 1988) , in T1-weighted images from infants <4 weeks of age large regions of unmyelinated WM actually have signal values lower than GM. In children between 1 and 6 months of age GM and unmyelinated WM have signal values that become isointense and are indistinguishable from one another. Tissue classification schemes where all voxels in an image must be classified into three distinct categories do not capture all the variability in signal values that occur across the age range studied. The tissue that segments as GM within the centrum semiovale and more peripheral regions where axonal fibers are found in 3-and 6-month-olds is not GM. The composition of tissue that results in a GM signal value in the cortex in children (perhaps more unmyelinated axonal fibers) might be very different from the composition of tissue in the cortical ribbon in young adults. Dynamic and complex cellular events are occurring that account for the changes in signal value between birth and infancy under 6 months old. When interpreting the results we need to consider that GM under 6 months old might include both GM and unmyelinated WM. Secondly, in the automated segmentation of this analysis the brain tissue selected as GM included both cortical and subcortical GM and the tissue as WM also included both myelinated and unmyelinated WM. As for classification of GM (cortical and subcortical), it can be resolved by delineation of subcortical regions such as basal ganglia and analysis of separate volume. Regarding myelination related to WM, we are considering augmentation of the present approach with one that includes MR signal intensity.
The present study analyzed the volumes of the whole brain and frontal and temporal lobes. We did not include other regions, such as the parietal and occipital lobes, because previous studies of volumetry by MRI in adults have concentrated on these regions. However, it would be informative to investigate differences in growth patterns in parietal and occipital lobes in children. Kanemura et al. showed that the prefrontal volume increased rapidly between 8 and 14 years in a 3D-MRI study of 13 cases aged 5 months to 14 years (Kanemura et al., 1999) . The volume of the hippocampal formations increased sharply until the age of 2 years (Utsunomiya et al., 1999) . This early growth spurt coincides with our findings for the temporal lobe. This is consistent with the findings from brain metabolism and blood f low analyses by PET (Chugani et al., 1987) and SPECT (Chiron et al., 1992) . These results suggest that the differences in growth pattern and speed are directly associated with age-related neurophysiological development. In future, quantitative information on segmented volumes can be correlated with behavioral measures to document the association between neural development and the behavioral repertoire. Such studies can play a pivotal role in clarif ying brain abnormalities in infants or children with suspected brain dysfunction.
Our study failed to observe any significant variation between the sexes in infants and children. In post-mortem and imaging studies of adult brains the authors consistently point out gender differences in total brain volume, with adult males having on average a 10% greater volume than females (Dekaban and Sadowsky, 1978; Ho et al., 1980; Filipek et al., 1994; Pfefferbaum et al., 1994; Blatter et al., 1995; Gur et al., 1999) , while women have a higher proportion of GM relative to cranial volume (Gur et al., 1982 (Gur et al., , 1999 . Reiss et al. reported that the first appearance of gender differences in brain volume had already occurred in children as young as 5 years of age (Reiss et al., 1996) . In our study we detected no significant gender differences, with the testing possibly hampered by low power as a result of the small sample size. Furthermore, the average age of girls was higher than that of boys in both age groups (infants, boys 9.6, girls 11.6 months; children, boys 63.7 and girls 90.9 months). While these differences are not statistically significant (see Data Analysis), even subtle age differences at a time of rapid physical development seem to have obscured sex differences in brain volumes in this small sample. More children of both genders in narrower age bands are needed to establish the first appearance of gender differences and evaluate the possible existence of sex differences in the pattern of growth spurts in brain volumes.
Finally, this study is cross-sectional and thus cannot be used to establish conclusively the time course of volume changes in early infancy through childhood. It is nonetheless the first report including quantitative volumetric analysis of infants and toddlers under 2 years of age. They illustrate the feasibility of this approach to understanding the early stages of neurodevelopment and encourage larger scale and longitudinal studies.
